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Understanding three-dimensional (3D) slope deformation and failure mechanism and corresponding
stability analyses are crucially important issues in geotechnical engineering. In this paper, the mecha-
nisms of progressive failure with thrust-type and pull-type landslides are described in detail. It is
considered that the post-failure stress state and the pre-peak stress state may occur at different regions
of a landslide body with deformation development, and a critical stress state element (or the soil slice
block) exists between the post-failure stress state and the pre-peak stress state regions. In this regard,
two sorts of failure modes are suggested for the thrust-type and three sorts for pull-type landslides,
based on the characteristics of shear stress and strain (or tensile stress and strain). Accordingly, a new
joint constitutive model (JCM) is proposed based on the current stability analytical theories, and it can be
used to describe the mechanical behaviors of geo-materials with softening properties. Five methods, i.e.
CSRM (comprehensive sliding resistance method), MTM (main thrust method), CDM (comprehensive
displacement method), SDM (surplus displacement method), and MPM (main pull method), for slope
stability calculation are proposed. The S-shaped curve of monitored displacement vs. time is presented
for different points on the sliding surface during progressive failure process of landslide, and the rela-
tionship between the displacement of different points on the sliding surface and height of landslide body
is regarded as the parabolic curve. The comparisons between the predicted and observed loadedis-
placement and displacementetime relations of the points on the sliding surface are conducted. The
classiﬁcation of stable/unstable displacementetime curves is proposed. The deﬁnition of the main sliding
direction of a landslide is also suggested in such a way that the failure body of landslide (simpliﬁed as
“collapse body”) is only involved in the main sliding direction, and the strike and the dip are the same as
the collapse body. The rake angle is taken as the direction of the sum of sliding forces or the sum of
displacements in collapse body, in which the main slip direction is dependent on progressive defor-
mation. The reason of non-convergence with ﬁnite element method (FEM) in calculating the stability of
slope is also numerically analyzed, in which a new method considering the slip surface associated with
the boundary condition is proposed. It is known that the boundary condition of sliding surface can be
described by perfect elasto-plastic model (PEPM) and JCM, and that the stress and strain of a landslide
can be described properly with the JCM.
 2015 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
Stability analysis of slope has attracted a great attention for a
very long period of time, and great achievements have been made.
Some numerical analytical methods are proposed, e.g. the ordinary
method, the simpliﬁed Bishop method, the Janbu method, the
Fellenius method, the Morgenstern method, the strength reductionock and Soil Mechanics, Chi-
ics, Chinese Academy of Sci-
hts reserved.method (SRM) of ﬁnite element method (FEM) for slope stability
analysis.
The limit equilibriummethod using rigid block is widely used in
engineering. With the development of numerical analysis and
computer capability, many researchers try to improve various
calculation methods for slope stability analyses, for instances, the
three-dimensional (3D) regular limit equilibrium equations (Liu
et al., 2007; Zhu and Qian, 2007; Li and Qian, 2010; Guo et al.,
2011) in which six equilibrium conditions are satisﬁed. In their
study, the whole sliding body was concerned and the stresses of
sliding surface were corrected (Zheng, 2000, 2007; Yao et al., 2001;
Liu et al., 2002; Yin et al., 2002; Wang, 2004; Zhang et al., 2005; Lu
et al., 2010; Zheng et al., 2013) by using an algebraic eigenvalue to
solve the problem of non-convergence numerical calculation of the
3D regular limit equilibrium equations.
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basically based on the critical stress state (or the limit equilibrium
state). The critical stress state refers to the possible failure of slope
occurring along the entire slip surface where a critical state is
reached simultaneously, thus the critical stress state is considered
to be a peak-stress state. The fundamental properties of the thrust-
type and pull-type landslides are studied, and it is commonly
acknowledged that the post-failure stress states are located in the
posterior or front region and the pre-peak stress state is situated at
the front or posterior part of landslide for the thrust-type and pull-
type landslide, respectively. Only one point (for two-dimensional,
2D) or one curve (for 3D) is under the critical stress state. In this
regard, this point or curve is deﬁned as the “critical stress state”,
which changes from the non-failure state to failure state with
progressive deformation. Actually, the failure of landslide takes
place progressively, e.g. some zones are under the post-failure
stress state, local zone under the critical stress state, and the
others under the pre-peak stress state. It can be noted that large
deformation occurs in the post-failure stress state, and small
deformation is observed in the zone of pre-peak stress state of
landslide. In view of landslide deformation, the mechanical pa-
rameters at the peak stress state for entire sliding surface have no
physical meanings (except the critical stress state), even for the
isotopic and homogeneous landslide. The mechanical parameters
at the critical stress state can only describe the behaviors of a point
(for 2D case) or of a curve (for 3D case) of the sliding surface,
suggesting that the above-mentioned methods describing the sta-
bility factor are in a sense only the empirical methods for landslide
(Lu et al., 2007, 2008, 2012, 2013, 2014).
In this paper, two failuremodes are proposed for the thrust-type
landslide, i.e. type I (failure occurs basically along the weak layer)
and type II (failure happens in the posterior region along the weak
layer and in the front region along the landslide body); whilst three
failure modes are suggested for the pull-type landslide, i.e. type I
(the shear failure occurs along the weak layer merely), type II (the
shear failure happens in the front region along the weak layer and
in the posterior part along the landslide body), and type III (the
shear failure occurs in the front region along the weak layer and the
pull failure happens in the sliding mass). These failure modes are
controlled by shearing behaviors of soft interlayer or by shearing
and pulling properties of slip body. For the thrust-type landslide,
the critical stress state point (or curve) moves gradually from the
posterior to the front region, and for the pull-type landslide, it
transfers from the front region to the posterior. In other words, the
landslide failure will continue to induce the new critical stress state
and the post-failure state. The whole process curve between load
(T) and displacement (S) is also divided into types I, II and III, based
on which the stability along the sliding surface is divided into
stable, less stable and unstable regions, respectively. A new joint
constitutive model (JCM) is suggested which can describe the
mechanical behaviors of types I and III, and its mechanical pa-
rameters can be calibrated accordingly. The relationships between
displacement (S) of monitoring points on sliding surface and time
(t) are employed for thrust-type and pull-type landslides. The S-
shaped curve is suggested to describe the relation between S and t
of the monitoring points on the sliding surface. Different S-shaped
curves are presented for separated points on the sliding surface at a
time. The relationship between S and t is classiﬁed into two types,
i.e. type I (steady displacementetime curve) and type II (unsteady
displacementetime curve). This classiﬁcation is related to the
mechanical properties of the whole process between load and
displacement. The characteristic of the parabolic curve exists be-
tween displacement of different points on the sliding surface and
height of landslide body, which varies with deformations and can
be used to predict the landslide failure. The stability factorsobtained by the traditional calculating methods are compared un-
der different stress states. The maximum stability factor occurs
under the critical stress state and the minimum under the residual
stress state if the same method is employed. Its value varies from
the maximum to the minimum, dependent on the stress states in
which the sliding surface is located, i.e. the critical stress state, post-
failure stress state or residual stress state. Basically, several
methods are suggested to evaluate the stability of landslide, for
instance, the comprehensive sliding resistance method (CSRM),
main thrust method (MTM), comprehensive displacement method
(CDM), surplus displacementmethod (SDM), andmain pull method
(MPM). The SRM is usually employed by the FEM, but it is not
suitable for comparing the obtained stress and strain ﬁelds with
those in ﬁeld when the strength reduction coefﬁcient (F) is not
equal to 1. The cause of non-convergence in SRM analysis can be
attributed to the different deformation values among the sliding
body, varying stiffness of sliding surface and sliding bed, different
strength reduction, and large deformation in local region. A new
method, sliding surface boundary method (SFBM), is proposed
associated with FEM. A perfect elasto-plastic model (PEPM) or JCM
can be used to describe the mechanical behaviors of the sliding
surface. It is proven that the PEPM cannot well describe the pro-
gressive failure process of landslide, except the residual stress state;
whilst it is possible for the JCM to describe the mechanical be-
haviors of the whole process of the progressive failure of landslide
body. It is shown that the main slip direction is only dependent on
the failure body of landslide (simpliﬁed as collapse body), the strike
and the dip are the same as the collapse body. The rake angle is
taken as the direction of vector sum of sliding force or of
displacement of collapse body, i.e. themain slip direction is variable
with deformation development.
2. Deformation mechanism, failure modes and control
standards
2.1. Thrust-type landslide
The equations for deformation and force equilibrium of land-
slide body are established based on the fundamental mechanical
behaviors of geo-materials. For the thrust-type landslide, it is
assumed that the posterior region is under the post-failure stress
state, and the front region is situated at the pre-peak stress state.
The critical stress state is located in the region between the post-
failure stress state and the pre-peak stress state, meaning a point
(2D case) or a curve (3D case), when the sliding force is equal to the
sliding resistance along the sliding surface direction. Two points,
Presid and Pc, are situated at the post-failure stress state, one point
Ppeak (for 2D case) is at the critical stress state, and other points, Pb,
Pyield and Pa, are at the pre-peak stress state (see Fig. 1a and d). The
mechanical behaviors of these points are associated with different
stress states (the post-failure stress state, the pre-peak stress state,
and the peak stress state) of the whole loadedisplacement curve
(see Fig. 1d). The relationship between displacement of monitoring
points on the sliding surface and time is shown in Fig. 1a and b. A
steady curve is presented for the points Pyield and Pa because their
stress state is within the yield limit stress space, but an unsteady
curve is observed for the points Presid, Pc, Ppeak and Pb, which are
located in the post-failure stress state and the space between the
yield limit stress and the peak stress. It can be noted that the me-
chanical properties of soft interlayer (sliding surface) are very
important for controlling the stability of landslide (see Fig. 1d).
The displacementetime curve can be roughly deﬁned as the “S-
shaped curve” for slope, which can be also divided into stable
(types I and III) and unstable curves (type II) as shown in Fig. 2. The
displacementeheight curve of sliding surface is a parabolic one at
Fig. 1. Relationship among deformation, time and height of landslide and corresponding rockesoil classiﬁcation for thrust-type landslide. T is the force, S is the displacement, t is
the time, H is the slope height, Tpeak is the peak force, Tyield is the yield force, Tresid is the residual force, Speak is the peak displacement, Syield is the yield displacement, Sresid is the
residual displacement, Pa is the point under elastic stress state, Pb is the point under elasto-plastic stress state, Ppeak is the point under peak stress state, Pc is the point under post-
peak stress state, and Presid is the point under residual state.
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S curve as plotted in Fig. 2.
Two failure modes are proposed for the thrust-type landslide. In
type I, failure occurs along the entire soft interlayer; in type II,T
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Fig. 2. Loadedisplacement curves of rockesoil mass and displacementetime curves of
points on the sliding surface.failure takes place in the posterior region of landslide along the
weak (sliding) face, but the shear failure may be produced in the
front region of sliding mass, or inside the sliding mass. In this case,
slope failure of heaving or in other forms can be observed. Two
modes are controlled by themechanical behaviors (shear stress and
strain) of soft interlayer and sliding body, respectively.2.2. Pull-type landslide
The mechanical analysis of pull-type landslide is similar to that
of thrust-type landslide. However, the front region is under the
post-failure stress state, and the posterior region is under the pre-
peak stress state. For the pull-type landslide, a critical stress state is
located in the zone between the post-failure stress state and pre-
peak stress state. The points a01 and a
0
2 are situated in the post-
failure stress state, the points a04; a
0
5 and a
0
6 or b
0
4; b
0
5 and b
0
6 in the
pre-peak stress state, and a03 in the critical stress state (see Fig. 3a
and c). The mechanical behaviors of these points are associated
with different stress states as illustrated in Fig. 3a. The basic
displacementetime and displacementeheight characteristics of
landslide body are the same as those of thrust-type landslide (see
Fig. 3b and e). Unlike thrust-type landslide, three failure modes are
suggested for the pull-type landslide (see Fig. 4). In mode I, failure
occurs along the entire weak face; in mode II, the shear failure
happens in the front region of landslide body, but the shear failure
is caused in the posterior part of sliding mass; in mode III, the shear
failure occurs in the front region of landslide body, but the tension
failure is presented in part of sliding body. The modes I and II are
controlled by the mechanical behaviors (shear stress and strain) of
weak layer and sliding body separately; the mode III is controlled
by the tensile strength of sliding body, which is dominated by the
relationship between tensile stress and strain of sliding mass as
displayed in Fig. 3d.
Fig. 5. Distribution of stresses on sliding surface element.
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The displacementetime curves and shear stressestrain (or
loadedisplacement) curves of monitoring point on sliding surface
are plotted in Fig. 2. When the loads of rockesoil mass on the
sliding surface are less than the yield limit loads (Tyield), the
displacementetime curve is of the type I (stable curve). If the loads
of rockesoil mass on the sliding surface range between the yield
limit load (Tyield) and the peak load (Tpeak) or in the state of the
post-failure, the displacementetime curve is of the type I (unstable
curve). When the mechanical behaviors of geo-materials on the
sliding surface show characteristics of type III, the displacemente
time curve also shows the mode III (stable curve) features (see
Fig. 2). In other words, the displacementetime curve has two kinds
of features, i.e. stable and unstable.Sliding surface.
Critical sliding surface
Failure sliding surface
Fig. 4. Schematic description of failure mode for pull-type landslide. Mode I: failure
along sliding surface. Mode II: failure along sliding surface and sliding body. Mode III:
tension failure of sliding body.3. Joint constitutive model (JCM)
Based on the above analyses of the deformation mechanism,
failure modes and control standards of slope, a JCM, which can
describe the mechanical behavior of geo-material with softening
properties, is proposed. The constitutive relation of this JCM is
proposed as
s ¼ Ggð1þ gm=SÞr (1)
where s and g are the shear stress (MPa) and shear strain, respec-
tively; G is the shear modulus (MPa); S, m and r are the dimen-
sionless constants, 1 < r  0 and 1 þ mr s 0.
The critical strain space satisﬁes the following relation:
Sþ ð1þmrÞ

gpeak
m ¼ 0 (2)
where gpeak is the peak shear strain corresponding to the peak
stress.
The critical shear stress speak is presented by the Mohre
Coulomb criterion:
speak ¼ cþ sn tan f (3)
where c is the cohesion, sn is the normal stress, and f is the internal
friction angle.
The peak shear strain (gpeak) is assumed to be only related to the
normal stress and can be described as follows:

gpeak
.
a3
2  ½ðsn  a2Þ=a1xN ¼ 1 (4)
where a1, a2, a3 and xN are constant coefﬁcients. The unit of a1 and
a2 is in MPa; a3 and xN are dimensionless coefﬁcients.
The parameter r can be expressed as
r ¼ r0

1þ ðr0=rc  1Þðsn=sncÞ2

(5)
where r0 is the value when sn¼ 0; rc is the value when sn¼ snc, snc
is the experimental normal stress; and 2 is a constant coefﬁcient.
Eq. (5) can be obtained from the total shear stressestrain curves
under different normal pressures. The above shear constitutive
model can describe the total shear stressestrain characteristics and
the mechanical behaviors of geo-materials of mode III (see Figs. 1
and 2). The tensile failure of a sliding body can be presented by
the traditional linear constitutive model.
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In stability analysis of slope, the mechanical behaviors of weak
layer are the key factors controlling sliding body. A joint element is
employed to represent the soft interlayer. The stresses of upper
surface ðsun; suq ; sus Þ come from the action of the sliding body
and the lower surface stresses ðsbn; sbq ; sbs Þ from the action of
the sliding bed (see Fig. 5). The stresses at the four sides of the
joint element are ðs1n; s1q ; s1s Þ; ðs2n; s2q ; s2s Þ; ðs3n; s3q ; s3s Þ and
ðs4n; s4q ; s4s Þ; respectively. sin; siq and sisði ¼ u; bÞ are the normal
stress, the stress in the vertical slip direction and the sliding stress,
respectively.
4.1. Deﬁnition of the main sliding direction
The process and mechanism of progressive failure of landslide
have been described in previous studies. However, the deﬁnition of
the main slip direction remains unclear. In this paper, the main slip
direction of landslide is proposed. The collapse body of landslide is
only involved with the main slip direction; the strike and the dip
are the same as the collapse body; and the rake angle is taken as the
direction of vector sum of sliding force or of displacement of
collapse body. The main sliding direction varies with deformation
development.
4.2. Comprehensive sliding resistance method (CSRM)
The stress ﬁelds of the landslide body along the sliding surface
(see Fig. 6, where the dash line ABDEC presents the sliding surface)
can be obtained by the current calculating method, and the vector
sums of sliding force can be achieved in the directions of x-, y- and
z-axis, respectively:
Pxs ¼
Z Z
UfxþURx

suq þ sus

dydz (6)
Pys ¼
Z Z
UfyþURy

suq þ sus

dxdz (7)
Pzs ¼
Z Z
U
f
zþURz

suq þ sus

dxdy (8)
where Pxs, Pys, Pzs are the vector sums of sliding force in the direc-
tion of x-, y- and z-axis, respectively; U is the area of the wholeFig. 6. Distribution of failure body and its projections in x-, y-, z-direction.integration; Uf is the failure region; and UR is the undamaged
region.
The vector sum (Ps) of Pxs, Pys and Pzs is written as
Ps ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðPxsÞ2 þ

Pys
2 þ ðPzsÞ2
q
(9)
The direction cosine of Ps with Cartesian coordinate axis is (as,
bs, gs). In this regard, the failure mode can be analyzed, and the
distribution of sliding resistance ðsp;bn ; sp;bq ; s
p;b
s Þ under each
possible failure mode can be obtained. The vector sums of anti-slip
forces under the possible failure mode can be calculated in the
directions of x-, y- and z-axis, respectively:
TxT ¼
Z Z
UfxþURx

sp;bn þ sp;bq þ s
p;b
s

dydz (10)
TyT ¼
Z Z
UfyþURy

sp;bn þ sp;bq þ s
p;b
s

dxdz (11)
TzT ¼
Z Z
UfzþURz

sp;bn þ sp;bq þ s
p;b
s

dydz (12)
where TxT, TyT and TzT are the vector sums of stabilizing force in the
directions of x-, y- and z-axis under the possible failure mode,
respectively.
The vector sum (TT) of TxT, TyT and TzT can be written as
TT ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
TxT
2 þ TyT2 þ TzT2
q
(13)
The direction cosine of TT with Cartesian coordinate axis is (aT,
bT, gT). The vector angle (4c) between Ps and TT can be described by
(see Fig. 7):
4c ¼ arccosðasaT þ bsbT þ gsgT Þ (14)
The stability factors in the x-, y-, and z-direction are deﬁned as
FxCSRM ¼



TxT 


.jPxsj (15)
FyCSRM ¼



TyT 


.

Pys

 (16)
FzCSRM ¼



TzT 


.jPzsj (17)Fig. 7. Relationship between the sums of sliding forces and sliding resistance under
the possible failure mode.
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as
FsCSRM ¼


TT cos 4c


jPsj (18)4.3. Main thrust method (MTM)
TheMTM is only used to evaluate the stability of the thrust-type
landslide. The critical state curve (see Fig. 6, the dash lineDE) can be
obtained. The residual pushing force from the posterior region to
the critical state curve (DE) can be calculated (see Fig. 6):
Pxp ¼
Z Z
Ufx

suq þ sus  sbq  sbs

dydz (19)
Pyp ¼
Z Z
Ufy

suq þ sus  sbq  sbs

dxdz (20)
Pzp ¼
Z Z
Ufz

suq þ sus  sbq  sbs

dxdy (21)
The vector sum (Pp) of Pxp, Pyp and Pzp can be written as
Pp ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Pxp
2 þ Pyp2 þ Pzp2
q
(22)
The direction cosine of Pp with Cartesian coordinate axis is
(ap, bp, gp). The differential value (or residual frictional force)
between the frictional force ðsp; bn ; sp; bq ; s
p; b
s Þ under the possible
failure mode and the anti-slip force ðsbn; sbq ; sbs Þ under the current
situation can be written as
Txp ¼
Z Z
URx

sp;bn þ sp;bq þ s
p;b
s  sbn  sbq  sbs

dydz (23)
Typ ¼
Z Z
URy

sp;bn þ sp;bq þ s
p;b
s  sbn  sbq  sbs

dxdz (24)
Tzp ¼
Z Z
U
R
z

sp;bn þ sp;bq þ s
p;b
s  sbn  sbq  sbs

dxdy (25)
The vector sum (Tp) of Txp, Typ and Tzp can be written as
Tp ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðTxpÞ2 þ ðTypÞ2 þ ðTzpÞ2
q
(26)
The direction cosine of Tp with Cartesian coordinate axis is
(ar, br, gr). The vector angle (4m) between Pp and Tp can be
described as
4m ¼ arccos

apar þ bpbr þ gpgr

(27)
The surplus stability factors in the x-, y- and z-direction can be
respectively deﬁned as
FxMTM ¼ jTxpj


Pxp

 (28)
FyMTM ¼ jTypj


Pyp

 (29)FzMTM ¼ jTzpj


Pzp

 (30)
The surplus stability factor in the main slip direction is deﬁned
as
FsMTM ¼
jTp cos 4mj
jPpj (31)4.4. Main pull method (MPM)
The MPM is used to evaluate the stability of the pull-type
landslide. The calculation of stability factor for modes I and II is
similar to that of the thrust-type landslide. If the possible failure
(mode III) is adopted, the tension failure of sliding body may occur,
thus the MPMmust be used to evaluate the tensile strength (ss,t) of
the landslide body at a section. The tensile strength should be
evaluated for each section of sliding body. The stability factors in
the x-, y-, z-direction are respectively deﬁned in the following
forms:
FxTFM ¼



sc;tx



.


ss;tx



 (32)
FyTFM ¼



sc;ty



.


ss;ty



 (33)
FzTFM ¼



sc;tz



.


ss;tz



 (34)
The stability factor in the main tension direction is deﬁned as
FsTFM ¼


sc;t



ss;t

 (35)
where ss,t is the tensile stress of sliding body at a section under the
present situation, and sc,t is themaximum tensile stress of landslide
body at a section under possible failure mode.4.5. Comprehension displacement method (CDM)
The deformation at the present strain states ð 3uq ; 3us Þ is calculated
and projected in the x-, y- and z-direction, respectively:
Sxd ¼
Z Z
UfxþURx

3
u
q þ 3us

dydz (36)
Syd ¼
Z Z
UfyþURy

3
u
q þ 3us

dxdz (37)
Szd ¼
Z Z
UfzþURz

3
u
q þ 3us

dxdy (38)
where Sxd, Syd, and Szd are the vector sums of displacement in x-, y-
and z-direction, respectively. The vector sum (Sd) of Sxd, Syd, and Szd
is
Sd ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðSxdÞ2 þ

Syd
2 þ ðSzdÞ2
r
(39)
The direction cosine of Sd with Cartesian coordinate axis is (ad,
bd, gd). Thus the possible failure mode can be analyzed, the distri-
bution of the strain ð 3p;bn ; 3p;bq ; 3
p;b
s Þ under the possible failure mode
can also be calculated. The vector sums of displacement under the
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respectively:
Sxd ¼
Z Z
UfxþURx

3
p;b
n þ 3p;bq þ 3
p;b
s

dydz (40)
Syd ¼
Z Z
UfyþURy

3
p;b
n þ 3p;bq þ 3
p;b
s

dxdz (41)
Szd ¼
Z Z
UfzþURz

3
p;b
n þ 3p;bq þ 3
p;b
s

dxdy (42)
where Sxd, Syd, Szd are the vector sums of the displacement in the x-,
y- and z-direction under the possible failure mode, respectively.
The vector sum (Sd) of Sxd, Syd and Szd is
Sd ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sxd
2 þ Syd2 þ Szd2
q
(43)
The direction cosine of Sd with Cartesian coordinate axis is (ad,
bd, gd). The vector angle (4d) between the vector Sd and Sd can be
calculated as
4d ¼ arccos

adad þ bdbd þ gdgd

(44)
The stability factors in the x-, y- and z-direction are respectively
deﬁned as
FxCDM ¼



Sxd


.jSxdj (45)
FyCDM ¼



Syd


.


Syd



 (46)
FzCDM ¼



Szd


.jSzdj (47)
The stability factor in the slip displacement direction is
deﬁned as
FsCDM ¼


Sd cos 4d


jSdj
(48)4.6. Surplus displacement method (SDM)
The strains ð 3u
q
; 3us Þ from the posterior region to the critical stress
state (see Fig. 6, the dash line DE) in the present status are calcu-
lated and projected in the x-, y- and z-direction, respectively:
Sxs ¼
Z Z
U
f
x

3
u
q þ 3us

dydz (49)
Sys ¼
Z Z
Ufy

3
u
q þ 3us

dxdz (50)
Szs ¼
Z Z
Ufz

3
u
q þ 3us

dxdy (51)
where Sxs, Sys and Szs are the vector sums of displacement in the
x-, y- and z-direction, respectively. The vector sum (Ss) of Sxs, Sys and
Szs isSs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðSxsÞ2 þ

Sys
2 þ ðSzsÞ2
q
(52)
The direction cosine of Sswith Cartesian coordinate axis is (as, bs,
gs). The possible failure mode is analyzed, and the distribution of
the strain ð 3p;bn ; 3p;bq ; 3
p;b
s Þ under the possible failure mode can be
calculated. The difference value between ð 3p;bn ; 3p;bq ; 3
p;b
s Þ and
ð 3bn; 3bq ; 3bs Þ is obtained and projected in the x-, y- and z-direction,
respectively:
Sxs ¼
Z Z
URx

3
p;b
n þ 3p;bq þ 3
p;b
s  3bn  3bq  3bs

dydz (53)
Sys ¼
Z Z
URy

3
p;b
n þ 3p;bq þ 3
p;b
s  3bn  3bq  3bs

dxdz (54)
Szs ¼
Z Z
URz

3
p;b
n þ 3p;bq þ 3
p;b
s  3bn  3bq  3bs

dxdy (55)
where Sxs, Sys and Szs are the vector sums of displacement difference
value in the x-, y- and z-direction between the possible failure
mode and present status, respectively. The vector sum (Ss) of Sxs, Sys
and Szs is
Ss ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðSxsÞ2 þ ðSysÞ2 þ ðSzsÞ2
q
(56)
The direction cosine of Sswith Cartesian coordinate axis is (as, bs,
gs). The vector angle (4s) between vectors Ss and Ss can be calculated
by
4s ¼ arccos

asas þ bsbs þ gsgs

(57)
The stability factors in the x-, y-, and z-direction are respectively
deﬁned as
FxSDM ¼ jSxsj=jSxsj (58)
FySDM ¼ jSysj


Sys

 (59)
FzSDM ¼ jSzsj=jSzsj (60)
The stability factor in the main slip direction is deﬁned as
FsSDM ¼
jSs cos 4sj
jSsj (61)
If the possible failure mode III is adopted for the pull-type
landslide, the tension failure of landslide body may occur. The
evaluation of tensile strain ( 3s,t) of the sliding body should then be
performed. Each section of sliding body is evaluated by tensile
strain, and the stability factors in the x-, y-, z-direction are
respectively deﬁned in the following forms:
Fx;tTFM ¼



 3c;tx



.


 3s;tx



 (62)
Fy;tTFM ¼



 3c;ty



.


 3s;ty



 (63)
Fz;tTFM ¼



 3c;tz



.


 3s;tz



 (64)
The stability factor in the main tension direction is deﬁned as
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 3c;t


j 3s;t j (65)
where 3c,t is the maximum tensile strain of sliding body at a section
under possible failure mode.5. Sliding surface boundary method (SFBM)
The ﬁnite element analysis based on SRM is often used to
evaluate the stability of slope. It is, however, rather difﬁcult to
obtain a real result of stability factor, and the convergence of nu-
merical calculation cannot be controlled. Five cases to produce non-
convergence can be observed in the literature (Lu et al., 2007, 2008,
2012, 2013, 2014). On the other hand, the stability factor resulting
from the ﬁnite element analysis based on SRM cannot make a
comparison with the current soil slice block method for the slope.
In this section, the SFBM of FEM for the 2D landslide analysis will be
discussed in detail.5.1. SFBM of critical stress state
5.1.1. Implementation steps
Step 1: Select the sliding body as the ﬁnite element calculation
object (see Fig. 8). In addition to the sliding surface’s force and
displacement boundary condition, the other boundary conditions
are consistent with the traditional calculating method. The repre-
sentative element of sliding surface is adopted by beam or joint
element.
Step 2: Use the PEPM to describe the mechanical behaviors of
sliding surface, as is presented by
sb;m;is ¼ Gb;m;igb;m;is ; gb;m;is  gb;m;is;peak (66)where Gb,m,i and gb;m;is;peak are the shear modulus and critical shear
strain, respectively, which are corresponding to the m-th element
and i-th calculation for the lower side of joint element. If the shear
strain is greater than the critical value, the frictional stress is ob-
tained by the MohreCoulomb criterion; when the shear stress is
less than the critical value, the frictional stress is calculated by Eq.
(66).
The boundary conditions of the normal stress, shear stress,
normal strain, and shear strain of the sliding surface are given in the
ﬁrst step:Fig. 8. Layout of boundary element number of landslide.2
6 sb;1;1n ¼ no sb;1;1s ¼ no
3
7STB;1n;s ¼
66664
« «
sb;m;1n ¼ no sb;m;1s ¼ no
« «
sb;n;1n ¼ no sb;n;1s ¼ no
77775
(67)
SRB;1n;s ¼
2
64
gb;1;1n ¼ 0 gb;1;1s ¼ no
« «
gb;n;1n ¼ 0 gb;n;1s ¼ no
3
75 (68)
where STB;in;s and SR
B;i
n;s are the boundary condition of stress and
strain matrix, respectively; sb;m;is ¼ no means non-assigned values
for sb;m;in ; s
b;m;i
n ; s
b;m;i
s ; g
b;m;i
n and g
b;m;i
s are the normal stress,
shear stress, normal strain and shear strain of them-th element and
the i-th calculation for the boundary condition; the subscript “n”
means the normal direction, and s the tangential direction.
The critical shear stress can be compared with the calculated
tangential stress, i.e. when the tangential stress is greater than the
critical friction stress (sb;m;is;crit is obtained from the MohreCoulomb
criterion), the critical frictional resistance is taken as the force
boundary condition for the second calculation.
Assuming that the absolute value of the tangential stress from
the ﬁrst to the k-th element is greater than the critical frictional
stress, the force boundary condition of tangential stress is applied
in the following form (see Fig. 8):
sb;L;1s ¼ sb;L;1s;critðL˛ð1; kÞÞ (69)
When the absolute value of the tangential stress is smaller than
the critical friction resistance, the force boundary conditions can be
obtained by Eq. (66) (assuming that the elements are from the
(k þ 1)-th to the N-th element).
Step 3: Perform the second calculation. The initial stress and
strain boundary conditions of 1  k and (k þ 1)N elements are
written as 2
66
sb;1;2n ¼ no sb;1;2s;crit
« «
3
77STB;2;1n;s ¼
6666664
sb;k;2n ¼ no sb;k;2s;crit
sb;kþ1;2n ¼ no sb;kþ1;2s
« «
sb;n;2n ¼ no sb;n;2s
7777775
(70)
SRB;2n;s ¼
2
64
gb;1;2n ¼ 0 gb;1;2s ¼ no
« «
gb;n;2n ¼ 0 gb;n;2s ¼ no
3
75 (71)
According to Eqs. (70) and (71), the normal stress and tangential
stress matrix of sliding surface element of the second calculation is
obtained:
STB;2n;s ¼
2
4s
u;1;2
n s
u;1;2
s
« «
su;1;2n s
u;1;2
s
3
5 (72)
First, the comparisons between the calculated sliding stress and
the critical friction stress corresponding to the normal stress of Eq.
(72) are made. Then the critical friction stress in association with
the normal stress of Eq. (72) is obtained by
su;i;2s;crit ¼ Ci þ s
u;i;2
n tan fi ði˛ð1;NÞÞ (73)
where su;i;2s;crit and s
u;i;2
n are the i-th element critical friction stress and
the normal stress in the second calculation, respectively.
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for the i-th calculation and lower surface of the sliding surface el-
ements for the (i  1)-th calculation are compared. When the dif-
ferential absolute value is greater than an assigned value (D1), the
force boundary condition of sliding surface element is re-assigned
by



su;L;in  sb;L;i1n



  D1 ðL˛ð1; kÞÞ (74)
sb;L;iþ1s;crit ¼ s
b;L;i1
s;crit þ

su;L;is;crit  s
b;L;i1
s;crit
.
2 (75)
The critical friction stress is applied by the sliding surface of the
non-assigned value if its tangential stress is greater than the critical
friction resistance:
sb;L;iþ1s;crit ¼ s
u;L;i
s;crit ðL˛ðk;mÞÞ (76)
Other elements are applied for the friction stress (expressed by
Eq. (66)). The boundary stress and strain conditions for the third
calculation matrices are presented as follows:
STB;3n;s ¼
2
666666664
sb;1;3n ¼ no sb;1;3s;crit
« «
sb;m;3n ¼ no sb;m;3s;crit
sb;mþ1;3n ¼ no sb;mþ1;3s
« «
sb;n;3n ¼ no sb;n;3s
3
777777775
(77)
SRB;3n;s ¼
2
64
gb;1;3n ¼ 0 gb;1;3s ¼ no
« «
gb;n;3n ¼ 0 gb;n;3s ¼ no
3
75 (78)
Step 4: Repeat the Step 3. In this case, the comparisons between
the normal stresses are made again. When the absolute difference
value is smaller than the assigned value (D1), the calculation is
ended:



su;L;MMn  sb;L;MM1n




max
< D1 ðL˛ð1;NÞÞ (79)
where MM is the number of the calculations.
5.1.2. Critical state element and calculation of stability factor
The critical state element is deﬁned in such a way that the
sliding force is equal to the friction force along the sliding surface
direction for an element. However, the absolute equality between
the values of sliding force and friction force does not exist for the
calculation of FEM. When the absolute difference between the
sliding stress and the sliding resistance is smaller than an assigned
value (D2), the element can be accepted as an critical state element,
or the element will be separated into two elements, and the
calculation can be performed until the condition, in which the
absolute difference between the sliding stress and the sliding
resistance is smaller than the assigned value (D2), is achieved. Thus
the critical state element is obtained, i.e. the element “m” will be
taken as a critical state element (see Fig. 8).
The critical friction stress, the sliding stress, the surplus sliding
stress, and the surplus friction stress for 1 to m elements along the
sliding surface direction can be obtained as follows:
(1) The critical frictional stress sb;i;MMs;crit can be written as
sb;i;MMs;crit ¼ ci þ s
b;i;MM
n tan fi (80)(2) The sliding stress is su;i;MMs .
(3) The surplus sliding stress is
si;MMs;p ¼ su;i;MMs  sb;i;MMs;crit (81)(4) The surplus frictional stress is 0.
For (m þ 1) to n elements, the critical friction stress, the sliding
stress, and the surplus sliding stress along the sliding surface di-
rection are: sb;i;MMs;crit , s
u;i;MM
s and 0, respectively. The surplus friction
stress can then be expressed as
si;MMs;f ¼ s
b;i;MM
s;crit  sb;i;MMs (82)
The relative shear strain and shear stress ﬁelds can be also ob-
tained, and different stability factors (see Section 4) can be calcu-
lated according to Eqs. (80)e(82).5.1.3. Stability factor obtained by the traditional SRM
The stability factor calculated by SRM is introduced under the
condition of SFBM for FEM. The stability factor obtained by FEMwill
be compared with that obtained by the traditional soil slice block
method. The condition of comparison between FEM and soil slice
block method is that the calculating processes of these methods
must be uniform, and the processes of soil slice block method is
that the friction force reduction is performed until the surplus force
of the last soil slice block is equal to zero. Based on this condition,
the steps of ﬁnite element analysis by PEPM can be realized. The
shear stress and strain matrices of sliding surface element of the
SFBM are obtained by
STB;MMn;s ¼
2
64
sb;1;MMn ¼ 0 sb;1;MMs
« «
sb;n;MMn ¼ 0 sb;n;MMs
3
75 (83)
SRB;MMn;s ¼
2
64
gb;1;MMn ¼ 0 gb;1;MMs
« «
gb;n;MMn ¼ 0 gb;n;MMs
3
75 (84)
Firstly the normal stress ðsb;1;MMn Þ is kept unchanged in the
whole calculating process for the ﬁrst sliding surface element by
SRM. Certainly the critical friction stress is constant:
sb;1;1s;crit ¼ C1 þ s
b;1;MM
n tan f1 (85)
If the absolute value of sliding surface’s thrust stress of the ﬁrst
element is greater than the critical friction stress, the surplus
sliding stress of the ﬁrst element is expressed as
s1;1s;p ¼ su;1;MMs  sb;1;1s;crit
.
f1 (86)
where f1 is the initial calculating stability factor.
The boundary condition of applied shear stress ðsb;1;1s Þ changes
as follows:
sb;1;1s ¼ sb;1;1s;crit
.
f1 (87)
The sliding surface boundary conditions of the ﬁrst calculation
by the SRM are written as
Fig. 9. Mechanical behaviors of geo-materials by the new joint constitutive model (JCM).
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b;1;1
n s
b;1;1
s
b;2;1 b;2;1 7
STSB;1n;s ¼
2
664 sn ¼ no ss ¼ no« «
sb;n;1n ¼ no sb;n;1s ¼ no
3
775 (88)
SRSB;1n;s ¼
2
64
gb;1;1n ¼ 0 gb;1;1s ¼ no
« «
gb;n;1n ¼ 0 gb;n;1s ¼ no
3
75 (89)
The shear stress, normal stress, shear strain and normal strain of
the upper sliding surface can be obtained. The sliding surface
boundary conditions are obtained by the similar method intro-
duced in Eqs. (88) and (89) for the second sliding surface element of
the second calculation, which can be expressed as
STSB;1n;s ¼
2
666664
sb;1;2n s
b;1;2
s
sb;2;1n ¼ sb;2;2n sb;2;2s
sb;3;2n ¼ no sb;3;2s ¼ no
« «
sb;n;1n ¼ no sb;n;2s ¼ no
3
777775
(90)
Following the above steps, the calculationwill continue until the
n-th sliding surface element. The surplus friction stress ðsn;1s;f Þ is
compared with an assigned value (D3). When the absolute differ-
ence is smaller than the value (D3), the calculation will be ended;
when the surplus stress is larger than the value (D3), the strength
reduction coefﬁcient (f1) is changed, and then the above numerical
analyses are repeated. The condition of stability factor calculation is
that the absolute difference of the surplus stress is less than D3.5.2. Progressive failure analysis
The PEPM is only suitable for the residual stress state (or special
loading condition), and the shear stress and strain ﬁelds obtainedTable 1
Stability factors calculated by different models.
Model FxCSRM F
y
CSRM F
s
CSRM F
x
MTM F
y
MTM F
s
MTM
PEPM 0.9109 3.4175 1.2766 0.1283 0.0276 0.1131
JCM 0.8509 3.1199 1.1688 0.1024 0.0189 0.0887by the PEPM are not compatible for other stress states. A new JCM is
suitable for describing the progressive failure process of slope,
which can be used to present the whole process characteristics of
shear stress and shear strain of rock or soil mass. Specially, for the
properties of softening behaviors, the real stress and strain ﬁelds
can be obtained by the JCM under the condition that the strength
reduction coefﬁcient is equal to 1. Thus the stability of slope under
different stress and deformation states can be predicted, i.e. the
prediction of landslide failure is possible by considering the
monitored deformation at different locations.
6. Case studies
A 2D slope is taken as an example in this context. The unit
weight of sliding body is 20 kN/m3. The number of ﬁnite elements is
564 (see Fig. 8). The model parameters are:
(1) The sliding surface: c ¼ 40 kPa, f ¼ 15, G ¼ 2.7 MPa,
ri,0 ¼ 0.99, ri,c ¼ 0.5, snc;i ¼ 20 kPa, 2i ¼ 1.28,
ai,1 ¼ 53.0175 kPa, ai,2 ¼ 56.1305 kPa, ai,3 ¼ 0.01036, xN,i ¼ 2.
(2) The landslide body: c¼ 400 kPa, f¼ 28, E¼ 6.48 MPa, m¼ 0.2.
The JCM can describe the mechanical behaviors of geo-materials
(see Fig. 9), especially the softening properties. The stability factor
of 1.1718 is obtained by the unbalance thrust method (soil slice
block method), and the stability factors of 1.164 and 1.1203 are
respectively calculated by PEPM and JCM under condition of the
ﬁnite element strength reduction. Different stability factors pro-
posed in this paper are calculated by PEPM and JCM. The results are
listed in Table 1.
7. Conclusions
In this paper, the deformation mechanism, failure mode, control
standards and stability evaluation of thrust-type and pull-typeFxCDM F
y
CDM F
s
CDM F
x
SDM F
y
SDM F
s
SDM
1.1577 1.0523 1.1377 0.1462 0.0269 0.1238
1.1721 1.0266 1.1439 0.1644 0.0255 0.1380
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as follows:
(1) The deformation and failure mechanisms of thrust-type and
pull-type landslides are proposed, respectively, where the
posterior (or front) region is located at the post-failure (or pre-
peak) stress state. The critical stress state exists between the
post-failure and the pre-peak stress states for the two types of
landslides. The related critical stress state element (or soil slice
block) is suggested for the FEM (or soil slice block method), and
the corresponding methods for determining the critical stress
state are performed.
(2) Two failure modes are proposed for thrust-type landslides, and
three failure modes for pull-type landslides. All the failure
modes are controlled by the mechanical behaviors of relative
shear stress and shear strain (or the traction stress and tensile
strain of sliding body). The critical stress state point (or curve)
gradually moves from the posterior (or front) to the front
(posterior) region of landslide body. A new peak stress state and
post-failure stress state will progress during landslide defor-
mation and failure.
(3) A JCM is proposed to describe the mechanical behaviors of geo-
materials. The mechanical properties of the modes I and III can
be presented by the JCM, especially the softening behaviors of
rock or soil mass.
(4) A comparison is made between the whole loadedisplacement
and displacementetime curves proposed. The S-shaped curve is
suggested to describe the relationship between the monitored
displacement and time for the point on sliding surface during
the progressive failure process of landslide. It is possible for the
relation between the monitored displacement of sliding surface
and height of landslide body to be presented by the parabolic
curve, which can be used to predict the failure of landslide and
is called “graphic method”.
(5) The stability factors obtained by traditional methods may have
no physical meanings in a sense from the mechanical views. It
can be merely called “empirical method”. The ﬁve stability
factors (CSRM, MTM, CDM, MPM, and SDM) are suggested to
describe the stability of progressive failure of landslide, and it is
feasible for CSRM, MTM and MPM to evaluate the stability of
slope.
(6) The main slip direction of landslide is deﬁned, and the failure
body of landslide (simpliﬁed as collapse body) is only involved
with the main slip direction. The strike and the dip of the
landslide are the same as those of the collapse body, and the
rake angle is taken as the direction of vector sum of sliding force
or of displacement of collapse body, i.e. the direction of main
sliding varies during the progressive failure process.
(7) The cause of non-convergence for the numerical analyses of
slope by FEM is discussed. A newmodel to consider the slip face
as the boundary condition is suggested to evaluate the stability
of slope. The boundary conditions of sliding surface can be
described not only by the PEPM, but also by the JCM. The results
obtained by the PEPM are compared with those of traditional
slice block method. It can be noted that the PEPM is not suitable
for describing the progressive failure process, except the re-
sidual stress state of sliding surface. The real stress and strain
ﬁelds of slope can be obtained by the JCM, and the determi-
nation of sliding surface can also be achieved by the JCM for
slope stability analysis.
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